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The frustrated pyrochlore iridate Pr2Ir2O7 was proposed as a metallic quantum spin liquid lo-
cated at a zero-field quantum critical point. Here we present the ultralow-temperature thermal
conductivity measurements on the Pr2Ir2O7 single crystals to detect possible exotic excitations. In
zero field, the thermal conductivity shows a dramatic suppression above a characteristic tempera-
ture Ts ≈ 0.12 K. With increasing field, Ts increases and the thermal conductivity tends to saturate
above H = 5 T. The Wiedemann-Franz law is verified at high fields and inferred at zero field. It
suggests the normal behavior of electrons at the quantum critical point, and the absence of mobile
fermionic magnetic excitations. The strong suppression of thermal conductivity is attributed to the
scattering of phonons by the spin system, likely the fluctuating spins. These results shed new light
on the microscopic description on this novel compound.
Spin ice state on a frustrated pyrochlore lattice has at-
tracted numerous interests in condensed matter physics,
due to the emergent magnetic monopole excitations from
the manifold of degenerate ground states [1, 2]. By in-
troducing quantum fluctuations with Jeff = 1/2 mo-
ments, quantum spin ice (QSI) states can be stabilized,
exhibiting quantum electrodynamics with extra excita-
tions like gapless photons [3–6]. Yb2Ti2O7, Tb2Ti2O7,
and Pr2Zr2O7 are such promising QSI candidates [3]. On
the other hand, iridates with 5d electrons have also drawn
much attention in recent years owing to the various novel
quantum phases and transitions therein, which originate
from the competition between spin-orbit coupling and
electron-electron correlation [7, 8]. When these two as-
pects meet in the pyrochlore iridate Pr2Ir2O7, complex
phenomena and exotic phases emerge [9–21].
Pr2Ir2O7 is a metal with the antiferromagnetic RKKY
interaction of about 20 K in Pr 4f moments mediated
by Ir 5d conduction electrons [9]. The Kondo effect leads
to a partial screening of the Pr 4f moments and gives a
lower Weiss temperature of θW = 1.7 K [9]. No long range
magnetic order was observed down to 70 mK evidenced
by the magnetic susceptibility measurement, indicating a
possible metallic spin liquid ground state, or even a U(1)
QSI state [9, 21]. A huge and anisotropic anomalous Hall
effect (AHE) was probed under magnetic fields [10, 13],
which may be the results of the spin chirality effect on
the Ir sites from the noncoplanar spin texture of Pr 4f
moments. The observation of AHE in the absence of uni-
form magnetization at zero field further indicates a long-
sought chiral spin liquid state in Pr2Ir2O7 [11]. More
interestingly, a zero-field quantum critical point (QCP)
was uncovered from the diverging behavior and scaling
law in the Gru¨neisen ratio measurement [18]. It was also
theoretically investigated as a QCP between antiferroma-
gentic ordering and nodal non-Fermi liquid [19].
For such an exotic metallic spin-liquid candidate with
quantum criticality, although various efforts have been
made, two main issues remain to be solved in Pr2Ir2O7.
Firstly, how do the electrons behave at the QCP? In other
words, will the electrons still be well-defined Landau
quasiparticles? Secondly, little information is known for
possible exotic magnetic excitations in Pr2Ir2O7, prob-
ably due to the large neutron absorption cross-section
of the iridium ions, and the very small size of its single
crystals [22].
Ultralow-temperature thermal conductivity measure-
ment is an important technique to address above two
issues. For the former one, the verification of the
Wiedemann-Franz (WF) law κ/σT = pi2kB
2/3e2 = L0
can be viewed as an evidence of the survival of Lan-
dau quasiparticles at the QCP. Anomalous reduction
of the Lorenz ratio L(T )/L0 with L(T ) = κ/σT has
been observed in CeCoIn5 [23], YbRh2Si2 [24], and
YbAgGe [25], while in some other compounds such as
CeNi2Ge2 [26] and Sr3Ru2O7 [27], the WF law is verified
at the QCP. For the latter one, a sizable residual lin-
ear term of thermal conductivity indicates the presence
of highly mobile gapless excitations in triangular organ-
ics EtMe3Sb[Pd(dmit)2]2 [28], while no magnetic thermal
conductivity was observed in another hotly debated QSL
candidate YbMgGaO4 [29].
In this Letter, we report on ultralow-temperature ther-
mal conductivity measurements on single crystals of
Pr2Ir2O7. The WF law is verified at high fields and in-
ferred at zero field, suggesting the normal behavior of
electrons at the QCP and the absence of fermionic mag-
netic excitations. A huge magneto-thermal conductivity
at finite temperature is found, which may result from the
strong scattering of phonons by the fluctuating spins. We
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FIG. 1. (a) Temperature dependence of the resistivity at zero
field of Pr2Ir2O7 single crystal. Inset: zoomed view of the
resistivity minimum at 45 K due to the Kondo effect. (b) the
magnetoresistance at T = 0.34 K. Inset: ρ(T ) below 1 K in
µ0H = 0, 3, and 6 T.
shall discuss the implications of these results.
High-quality single crystals of Pr2Ir2O7 were grown
by the KF flux methods [22]. The x-ray diffraction
(XRD) measurement determined the largest surface to
be the (111) plane (see Supplemental Material [30]). One
Pr2Ir2O7 single crystal (sample A) for electric and ther-
mal conductivity measurements was cut and polished
into a rectangular shape of dimensions 0.69 × 0.38 mm2
in the (111) plane, with a thickness of 0.20 mm. The ther-
mal conductivity was measured in a dilution refrigerator,
using a standard four-wire steady-state method with two
RuO2 chip thermometers, calibrated in situ against a
reference RuO2 thermometer. The electric current and
heat current were applied in the (111) plane.
Figure 1(a) shows the temperature dependence of the
resistivity ρ(T ) at zero field for the Pr2Ir2O7 single crys-
tal. The Kondo effect is evidenced by the upturn be-
havior below 45 K where the resistivity displays a mini-
mum, as shown in the inset of Fig. 1(a). This is con-
sistent with Ref. [9]. The magnetoresistance MR =
(ρ(H) − ρ(0T))/ρ(0T) × 100% at T = 0.34 K is pre-
sented in Fig. 1(b). It is quite small, less than 5% up
to 9 T, indicating the little influence of magnetic field
on the charge transport. In the inset of Fig. 1(b), ρ(T )
below 1 K in µ0H = 0, 3, and 6 T are plotted. Since all
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FIG. 2. (a) The thermal conductivity of Pr2Ir2O7 single crys-
tal at various magnetic fields along the [111] direction. At zero
field, the thermal conductivity is strongly suppressed above
Ts ≈ 0.12 K. (b) Field dependence of the suppression tem-
perature Ts. (c) The magneto-thermal conductivity MTC
= (κ(H) − κ(0T))/κ(0T) × 100 % at various temperatures.
Above 5 T, the thermal conductivity tends to saturate.
the curves are very flat, we can safely extrapolate them
to the zero-temperature limit and get the residual resis-
tivity ρ0 = 776, 757, and 769 µΩ cm for µ0H = 0, 3, and
6 T, respectively.
The thermal conductivities of Pr2Ir2O7 single crystal
up to 7 T are shown in Fig. 2(a). The magnetic fields
were applied perpendicular to the (111) plane. At high
fields like 5 T and 7 T, the thermal conductivity data
overlap with each other. With decreasing the field, while
κ/T data still overlap with the high-field curves below
a certain temperature Ts, they are suppressed more and
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FIG. 3. The thermal conductivity of two Pr2Ir2O7 single crys-
tals at µ0H = 0 and 5 T along the [111] direction, respectively.
Solid lines are the fits of the thermal conductivity data to
κ/T = a + bTα−1 at 5 T below 0.3 K. The dashed line is the
Wiedemann-Franz law expectation L0/ρ0(5T) = 0.032 mW
K−2 cm−1 for sample A at 5 T, which meets the extrapolated
κ0/T ≡ a = 0.031 mW K−2 cm−1 very well. The overlap of
the 0 and 5 T curves below Ts ≈ 0.12 K suggests that the
Wiedemann-Franz law is also satisfied in zero field.
more strongly above Ts. At zero field, Ts is about 0.12 K.
Similar behavior is also observed in another sample B (see
the Supplemental Material [30]). The field-dependence of
Ts is plotted in Fig. 2(b).
The magneto-thermal conductivity MTC =
∆κ(H)/κ(0T) = (κ(H) − κ(0T))/κ(0T) × 100% at
various temperatures is plotted in Fig. 2(c). MTC tends
to saturate above 5 T, when the thermal conductivity
curves starts to overlap with each other. In contrast
to the magnetoresistance of less than 5% in charge
transport at 0.34 K, the MTC is as large as 100% at 0.25
K and even 650% at 0.7 K. For other QSL candidates
such as EtMe3Sb[Pd(dmit)2]2 [28], YbMgGaO4 [29], and
κ-(BEDT-TTF)2Cu2(CN)3 [31], there is also a positive
MTC, but the magnitude is much smaller. We will come
back to discuss the origin of this huge MTC later.
In Fig. 3, we fit the thermal conductivity data be-
low 0.3 K for µ0H = 5 T to examine the WF law in
Pr2Ir2O7. At ultra-low temperatures, thermal conduc-
tivity usually can be fitted to κ/T = a + bTα−1, where
aT represents electrons and other fermionic quasiparti-
cles such as spinons, while bTα represents phonons and
magnons [32, 33]. For phonons, the power α is typically
between 2 and 3, due to the specular reflections at the
sample surfaces [32, 33]. The fitting gives κ0/T ≡ a =
0.031 ± 0.008 mW K−2 cm−1 and α = 2.41 ± 0.13 for
sample A. From Fig. 1(b), ρ0(5T) = 764 µΩ cm is es-
timated, giving the WF law expectation L0/ρ0(5T) =
0.032 mW K−2 cm−1. Therefore, the WF law is satis-
fied nicely. In order to confirm this result, the data of
another sample B are also plotted in Fig. 3. The fitting
gives κ0/T = 0.033 ± 0.006 mW K−2 cm−1 and α = 2.62
± 0.12. Since it has ρ0(5T) = 755 µΩ cm, thus L0/ρ0(5T)
= 0.032 mW K−2 cm−1, the WF law is also verified in
sample B. The verification of WF law above µ0H = 5
T is reasonable, because the magnetization approaches
saturation [11] and the system is away from the QCP
[18] at high field. As a result, the thermal conductiv-
ity above µ0H = 5 T is purely contributed from normal
electrons and phonons, without other exotic excitations
or magnetic scattering.
Since the thermal conductivity data at low fields col-
lapse on the high-field data below Ts (see Fig. 2(a))
and the MR is less than 2% for µ0H ≤ 5 T (see Fig.
1(b)), it would be inferred that the WF law is obeyed
at all the applied fields, even at zero field. This result
is significant. For Pr2Ir2O7, a zero-field QCP was re-
vealed by magnetic Gru¨neisen ratio measurements [18].
Violation of the WF law has been observed in CeCoIn5,
YbRh2Si2, and YbAgGe at their QCPs [23–25], indicat-
ing the breakdown of electrons as Landau quasiparticles.
It was interpreted as a consequence of the destruction
of Fermi surface [23] or the inelastic scattering [24, 25]
associated with quantum critical fluctuations. The ver-
ification of the WF law in Pr2Ir2O7 at its QCP unam-
biguously excludes the possibility of the breakdown of
Landu quasiparticles and implies the normal formalism
of electrons. This is similar to the situation in some other
quantum-critical compounds such as CeNi2Ge2 [26] and
Sr3Ru2O7 [27].
The verification of WF law in Pr2Ir2O7 demonstrates
that there is no additional contribution to the thermal
conductivity from mobile fermionic magnetic excitations.
Furthermore, since the phonon thermal conductivity in
high fields defines the upper boundary of κ in Pr2Ir2O7,
there is also no positive contribution to κ from other
bosonic magnetic excitations. For pyrochlore Pr2Ir2O7,
one scenario to describe its possible QSL state is the QSI
[3, 21]. Three topological excitations, including photon,
vison, and magnetic monopole, may emerge from the
ground state [3–5]. The gapless photons have a rather
narrow bandwidth, about 1/1000 of the spin exchange
constant Jzz [6]. Since J of Pr2Ir2O7 is only 1.4 K [11],
the photons are likely beyond the accessible tempera-
ture regime of our experiment. Both visons and magnetic
monopoles have a gap [3–5]. It has been claimed that the
thermally excited magnetic monopoles contribute to the
thermal conductivity in the QSI candidates Yb2Ti2O7
[36] and Pr2Zr2O7 [37]. However, here in Pr2Ir2O7, we
do not observe their positive contribution. If the mag-
netic monopoles indeed exist in Pr2Ir2O7 with a gap com-
parable to J , the thermally excited magnetic monopoles
should be detectable in our temperature range. One pos-
sibility is that the velocity and/or mean free path of these
excitations may be too small so that their contribution
to κ is negligible comparing to that of phonons. Another
possibility is that the QSI can not describe the ground
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FIG. 4. (a) The thermal conductivities of Pr2Ir2O7 single
crystal in magnetic fields H ‖ [111] and H ⊥ Q are com-
pared with those in H ⊥ [111] and H ⊥ Q. (b) They are also
compared with those in H ⊥ [111] and H ‖ Q. See Supple-
mental Material [30] for schematic illustrations of these three
geometries. The overlap of these curves in all three field direc-
tions show that the MTC is isotropic. (c) Scaling plot of the
thermal conductivity. The plots of κ/H8/3 versus T/H4/3 at
various magnetic fields parallel to the [111] direction collapse
on the same curve.
state of Pr2Ir2O7 thus above-mentioned magnetic exci-
tations do not exist.
Now let us discuss the origin of the huge MTC in
Pr2Ir2O7. In Fig. 2(a), starting from the phonon ther-
mal conductivity in high fields, the strong suppression of
κ at low fields apparently comes from the scattering of
phonons by the spin system through the spin-lattice cou-
pling [34, 35], either by well-defined magnetic excitations
or by fluctuating spins. In case that there are thermally
excited magnetic quasiparticles to scatter the phonons
above Ts, the field dependence of Ts in Fig. 2(b) suggests
that the gap (larger than Ts) of these magnetic quasi-
particles increases with increasing the field. For above-
mentioned magnetic monopoles, the scattering between
phonons and monopoles accompanies a spin-flip process,
which should be sensitive to the direction of field. Indeed,
a metamagnetic transition can be induced only when ap-
plying the field along the [111] direction [11]. In order
to examine this possibility, we measure the thermal con-
ductivity in other two different field directions and com-
pare to the [111] direction, as shown in Figs. 4(a) and
4(b). One can see that the curves in all three field direc-
tions overlap with each other. It shows that the MTC is
isotropic, i.e., insensitive to the direction of field. Fur-
thermore, the gap of magnetic monopoles should decrease
with increasing the field [2], which contrasts to the field
dependence of Ts. Therefore, the scattering of phonons is
unlikely from magnetic monopoles. It will be interesting
to theoretically investigate whether there are some other
magnetic excitations beyond the QSI scenario. Their gap
should be isotropic, and increase with increasing the field.
In case that there are no well-defined magnetic excita-
tions in Pr2Ir2O7, the strong scattering of phonons at low
fields may be associated with the fluctuating spins. Intu-
itively, the spin fluctuations are weakened with lowering
the temperature and increasing the field. For Pr2Ir2O7, a
bifurcation of the field-cooled and zero-field-cooled mag-
netic susceptibility curves at about 0.3 K suggests that a
partial fraction of spins freezes [9, 11]. Spin freezing has
also been observed in classical spin ice like Dy2Ti2O7,
and the freezing temperature increases with applying
field [38, 39]. Therefore, this scenario may explain the
temperature and field dependence of thermal conductiv-
ity in Pr2Ir2O7. In each field, the spins fluctuate very
slowly below Ts, partially frozen, so that they do not
scatter phonons. The field will further weaken the spin
fluctuations, thus the Ts increases with increasing field.
The spin fluctuations is also isotropic in response to the
applied field. Such a simple scenario was used to inter-
pret the thermal conductivity of YbMgGaO4 [29]. One
may consider whether it can also apply to the heat trans-
port behavior of other QSI candidates such as Pr2Zr2O7
[37], as recently pointed out by Rau and Gingras in Ref.
[40].
Interestingly, an unusual scaling behavior κ ∼ H8/3
F (T/H4/3), where F (x) is the scaling function, is ob-
served, as shown in Fig. 4(c). It is also held for sample
B (see Supplemental Material [30]). Note that the scal-
ing law was previously found in the magnetic Gru¨neisen
ratio ΓHH versus T/H
4/3 under 2 T, implying a criti-
cal physics in Pr2Ir2O7 [18]. Observation of the scaling
law in the thermal conductivity is appealing since it is
rather rare that the heat transport data scale as a func-
tion of a single parameter. Due to the unique metallic
nature of Pr2Ir2O7, which is distinct from any other in-
5sulating QSL candidates, the interactions between Pr 4f
moments and Ir 5d itinerant electrons may complicate
the microscopic description. The scaling law gives a new
viewpoint towards such quantum magnets that we hope
will stimulate the theoretical study. Other experimen-
tal techniques, such as thermal Hall measurement and
inelastic neutron scattering, are highly desired to deter-
mine the ground state and emergent excitations in this
exotic metallic QSL candidate Pr2Ir2O7.
In summary, we have measured the ultralow-
temperature thermal conductivity of Pr2Ir2O7 single
crystals. The Wiedemann-Franz law is verified at high
magnetic fields and inferred at zero field, suggesting the
normal behavior of electrons at the zero-field quantum
critical point and the absence of mobile fermionic mag-
netic excitations. A huge isotropic magneto-thermal con-
ductivity is found at finite temperatures, indicating the
strong scattering of phonons by the spin system, likely
the fluctuating spins. The observed scaling law may help
put constraints on the theoretical modelling on Pr2Ir2O7.
These results will shed light on the microscopic descrip-
tion on this metallic quantum spin liquid candidate.
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I. X-RAY DIFFRACTION MEASUREMENT
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FIG. S1. Typical x-ray diffraction pattern of the Pr2Ir2O7
single crystal.
The typical x-ray diffraction (XRD) data is plotted in
Fig. S1, determining the largest surface to be the (111)
plane. The heat current is applied in the (111) plane.
II. REPRODUCIBILITY OF THE TRANSPORT
RESULTS
We performed transport measurements on another
Pr2Ir2O7 single crystal (Sample B), and obtained similar
results to Sample A. Sample B was cut and polished into
a rectangular shape with length l = 0.72 mm, width w
= 0.26 mm and thickness t = 0.20 mm. The electric and
thermal conductivity were measured by standard four-
wire method.
Figure S2(a) shows the temperature dependence of the
longitudinal resistivity of Sample B at zero field. The
Kondo effect is also observed due to the minimum at 45
K (see bottom right inset of Fig. S2(a)), confirming the
good quality of our sample. The plots of ρ(T ) at 0, 3,
and 5 T are presented in the top left inset of Fig. S2(a).
By extrapolating to the zero temperature limit, we can
get the residual resistivity ρ0 = 757, 749, and 755 µΩ cm
for µ0H = 0, 3, and 5 T, respectively.
Figure S2(b) shows the thermal conductivities of Sam-
ple B up to 7 T. The magnetic fields were applied along
the [111] direction. Just as Sample A, the thermal con-
ductivities overlap with each other and deviate from the
high-field data above particular temperatures Ts. The
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FIG. S2. (a) Temperature dependence of the resistivity of
Pr2Ir2O7 Sample B. Top left inset: ρ(T ) below 1 K in µ0H =
0, 3, and 5 T. Bottom right inset: zoomed view of the resistiv-
ity minimum at 45 K due to the Kondo effect. The magnetic
fields were applied along the [111] direction. (b) The thermal
conductivity of Sample B at various magnetic fields along the
[111] direction. (c) Scaling plot of the thermal conductivity
from Sample B. The plots of κ/H8/3 versus T/H4/3 at various
magnetic fields parallel to the [111] direction collapse on the
same curve.
same scaling law κ ∼ H8/3 F (T/H4/3) is also found in
Sample B, see Fig. S2(c).
III. GEOMETRIES OF DIFFERENT MAGNETIC
FIELD DIRECTIONS
In the main part of the paper, the thermal conduc-
tivities of Pr2Ir2O7 single crystal in magnetic fields H
‖ [111] and H ⊥ Q are compared with those in H ⊥
8H  ⊥ [ 1 1 1 ]H  ⊥ Q H  ⊥  [ 1 1 1 ]H  / /  QH  / /  [ 1 1 1 ]H  ⊥ Q( a ) ( b ) ( c )
FIG. S3. (a), (b) and (c) The schematic illustrations of three
different relative directions between magnetic field H (blue
arrows), heat current Q (red arrows) and [111] direction. The
heat currents are all applied in the (111) plane, the largest
surface of the sample. The (111) plane is perpendicular to
the [111] direction.
[111] and H ⊥ Q (Fig. 4(a) in the main part). They
are also compared with the thermal conductivities in H
⊥ [111] and H ‖ Q (Fig. 4(b) in the main part). These
three geometries are illustrated in Fig. S3(a), (b) and
(c), respectively.
